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PREFACE

Certain commetcial equipment, insttuments, and software are identified in this tepori to specify
adequately the experimental procedure. In no case does such idéntification imply recommendation
or endorsement by the National Telecornmunications and Information Administration, nor does it
imply that the material or equipment identified i necessarily the best available for the purpose.
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IMPULSE RESPONSE MEASUREMENTS OVIER SPACE-EARTH PATHS
USING THE GPS COARSE/ACQUISITION CODES

John J. Lemmon and Peter B. Papazian'

The impulse responses of radio transmission channels over space-earth paths
were measured using the coarse/acquisition code signals from the Global Positioning
System of satellites. The data acquisition systern and signal processing techniques
used to develop the impulse responses are described. Examplas of impulse response
measurements are presented. The results indicate that this measurement approach
enables detection of multipath signals that are 20 dB or more below the power of the
difect arrival. Channel characteristics that could be investigated with additional
measurements and analyses are discussed.

Key words:  impulse response function; Global Positioning System (GPS); radio transmission
channel; pseudorandom noise (PN) codes

1. INTRODUCTION

This report discusses measurcments of the impulse response of radio transmission channels over
space-earth paths. The measuréments were performed using signals from the Global Positioning
System (GPS) of satellites. The possibility of using GPS signals to perform such measurements was
initially considered in 1985, when the Institute for Telecommunication Sciences (ITS) was asked to
perform a feasibility study in support of the NASA Propagation Program. The study concludeéd that
the structure of the GPS signals, consisting of L-band carriers that are biphase modulated with
pseudorandom noise (PN) codes, would enable impulse response measurements to be made by
correlating a réceived signal with a locally generated replica of the transmitted signal [1]. Analyses
of the signal-to-noiseé (S/N) ratio indicated that adequate S/N ratios could be achieved to characterize
the multipath, and it was recommended that a measurement campaign be conducted.

Two different kinds of PN codes arc used in the GPS signals: the coarsé/acquisition (C/A) codes and
he pracision (P) codes. The C/A codes are Gold codes of length 1023 with a chipping rate of 1.023
MHz; thus, each code word has a duration of exactly 1 ms. The P codes are extremely long codes
approximately 37 weeks) that are feset once per week and have a chipping rate of 10.23 MHz. The
esolution (in time delay) of the measured impulse response is approximately one codc bit duration,

esulting in measurement resolutions of approximately 100 ns and 1 s for the P codes and the C/A
:odes, respectively.

"The authors ate with the Institute for Telecommunication Sciences, National
elecommunications and Information Administration, U.S. Department of Commerce, Boulder, CO
0303-3328.



A proposal was made to perform impulse response measurements using the P codes rather than the
CJ/A codes to obtain greater meastrement resolution. Accordingly, upon receipt of NASA funding,
ITS attemipted to contract the development of an appropriately modified P-code receiver, as
described in [2]. The proposed system was a dual-channel P-cod¢ receiver, in which the first channel
would acquire and lock on to the P code. The current P-code epoch time and Dappler shift would
be passed on to the second channel, in which the received signal would be correlated with a delayed,
locally generated P code, enabling the development of the channel impulse response as a function
of relative time delay. Unfortunately, insufficient funds precluded the development of ti.v system,
and this app-oach was abandoned.

An alternate approach was then proposed [3], whereby a "codeless” P-code receiver would be
developed at the University of Colorado, Boulder, CO. Using a codeless approach, a single-channel
receiver would be used to perform a correlation between signals received by two different antennas:
a high-gain reference antenna that would not receive multipath signals and a low-gain "antenna under
test” that would receive multipath signals, if any were present. Thus, the PN code received by tie
teference antenna would be used in place of a locally generated code in the correlation processing.
An advantage of the codeless approach is that time delay and Doppler effects on the signals received
by the two antennas ate identical, obviating a need to know the curtent P-code epoch ahd Doppler
shift; a disadvantage is the need for a high-gain antenna with the capability to track GPS satellites.

The complexity of the codeless approach and funding difficulties impeded the system development,
and this approach, like the dual-channel approach discussed above, was abandoned. As an alternative
to these rather complex P-code approaches, ITS investigated the feasibility of performing multipath
measurements using the C/A codes. The idea was to use existing hardware to record GPS signals and
perform the correlation processing in software. Because the C/A codes are known codes of 1-ms
duration, they can be genetated and correlated with received signals in software, so that a high-gain
reference antenna and most of the hardware required in a modified GPS P-codé receiver are no
longer necessary. This approach theréfore tesu’ts in a vast simplification in hardware.

The disadvantage of using the C/A codes is the decreased resolution in time delay relative to the P
codes. A resolution of 1 s corresponds to a path difference of approximately 300 m; multipath fnay
be present in some environments in which the path differences between the multipath and direct
arrivals are much less than 300 m. On the other hand, impulse résponse data developed with the C/A
codes can adequately characterize transmission channels whose bandwidths do not exceed those of
the C/A-code signals (approximately 2 MHz). Thus, this data would be relevant to numerous
applications of satellite communications and navigation.

Uncertainties in S/N ratios and the noise figures of the receiver and recording systems, as well as
variables in the processing, made it difficult to assess the viability of this approach a priori. For
example, the processing gain is a function of the integration time in the correlation processing; the
intégration time is in turn limited by thé amount of memory in the récording systém and the time
scale over which the transmission chanriel is reasonably stationary. The objective of this work was



to investigate whether this approach cah generate useful results and to determine the values of S/N
that can be achieved using various processing techniques.

Section 2 describes the hardware that was used to collect the raw data. The data processing that was
performed in software is desctibed in Section 3. In Section 4, example impulse responses developed
with this method are presented and discussed. Additional processing that could be petformed and
improvements to the measurement system that could be made are described in Section 5. Concluding
remarks and recommendations for additional measurements and processing are made in Section 6.

2. DATA ACQUISITION SYSTEM

Figure 1 shows a block diagram of the data acquisition system. The GPS signals have right-hand
circular polarization at an L-band frequency of 1575.42 MHz in the absence of Doppler effects
(spacecraft motion can generate several kHz of Doppler shift). The signals are received by a right-
hand circular MicroPulse GPS antenna mounted on the roof of the Boulder Laboratories, Boulder,
CO. The antenna is low-gain (between +4.5 dBiC and -4.5 dBiC, depending on elevation angle) and
 therefore does not discriminate severely against multipath. The RF signals received by the antenna
are preamplified and passed through 100 feet of RG 58 cable from the roof to the laboratory, where
they are further amplified and dowaconverted to IF by an HP 8563A spectrum analyzer.

The second IF from the analyzer is tuned to 301.027 MHz and is mixed with the 300-MHz
calibration signal after it is padded for sigr al conditioning, amplified, and low-pass filtéred for
harmonic suppression. The resulting signal spectrum is centered at 1.027 MHz (in the absence of
Doppler effects). This frequency was chosen because the bandwidth (defined as the width of the
central spectral lobe) of the C/A-code signais is twice the chipping rate of 1.023 MHz. Thus, the
signal spectrum has been translated to as low a frequency as possible (to minimize the Nyquist
requirement) without folding from negative frequencies, after allowing for as much as 4 kHz of
Doppler shift. The signal is low-pass filtered for harmonic suppression and anti-aliasing, amplified,
and sampled by a Lecroy 9450A digital oscilloscope. The scope is clocked and triggered by an HP
8640B signal generator.

Each sample is an eight-bit integer, and the memory in the scope allows a data file comprising
50,000 samples to be collected. The sample rate is 8.192 MHz, and was determined as follows. The
highest frequency in the signal spectrum (allowing for 4 kHz of Doppler shift) is 2.054 MHz. The
Nyquist rate for the channel is therefore 4.108 MHz. The digital signal processing (discussed in
Section 3 below) uses Fast Fourier Transform (FFT) algorithms, which require that the number of
samplés in each record be equal to a power of two. Each récord corresponds to a single C/A-code
word, which has a duration of 1 ms. Thus, the smallest power of two, which when divided by 1 ms
is greater than 4.108 MHz, is 8192. This corresponds to a sample rate of 8.192 MHz. The IF and
sample rate are precisely maintained by phase locking the spectrum analyzer and signal generator
to a stable 10 MHz Rubidium frequency reference. The spectrum analyzer and scope are controlled
by a personal computer, which is used to store and process the data.



‘waysAs uonysinboe ejeq -7 a3y

somieusp sausiejey
ubis 4 fouenbesy
H0488dH wnpiqny
epialg
1m0
ﬁ ¥301D
y
edoosoj(|os)
mudia sminduto)
YOS¥s Kosoe [suosied
B 2 uvosseiddng
Sjuowsmy IHW 0BE
apPe s .
_ 4 _ A AR AN 8PTT
_ _ ne (9 wzijeuy
wnipeds apoc
YE9S8dH .
3d7 ZHD SLS'1
HZOIM
el FCLY]
Bujssje-4juy ZHW S 10C HpeLtolL
uosssaddng ZHIN L20°10€C
s(uowIny

Nootg
2Q

85 DY 004

<]

“§°d
ASLY

é

‘4'N
apsT

JnasD HY

euuejuy S5d9D
es|ngospN



3. SIGNAL PROCESSING

The complex, equivalent low-pass impulse tesponse of the transmission channel was developed
using the well-known technique of correlating the teceived signal with a locally generated replica
of the transmitted signal. The correlation processing was done in the frequency domain; that is, rather
than computing the cross-correlation function of the transmitted and received signals, the cross-
spectral density (product of the Fourier transforms) of the signals was computéd, and the result was
inverse Fourier transformed back into the time domain.

To make this precise, let f(t) denote the received signal at the center frequency (wp+wpg), Where W
cortesponds to the 1.027-MHz IF and w is the Doppler shift. The received signal is to be cotrelated
with a replica of the transmitted signal pn(t), which is a pseudonoise Gold code with a binary value
of +1. Before computing the cross-correlation, the received and transmitted signals must be
converted to the same center frequency, or the relative (time-dependent) phase between the signals
will cause the cross-correlation to vanish. (Equivalently, in the frequency domain, the spectra of the
signals must be centered at the same frequency or the lack of spectral overlap will cause the product
of the spectra to vanish.) Because pn(t) is a baseband signal (zero center frequency), it should be
correlated with the quantity

e T ndy, 1)

which is the received signal at bascband. The impulse response was computed as the inverse discrete
Fourier transform of the cross-spectral density of the transmitted and received signals at baseband.
Thus, in terms of f(t) and pn(t), the impulse response at time t, is

f*"Rs e ot {[ f’o*To pn(de -jot g }’ f’o’ro f(t)e ‘i(“’lf""ns‘*“’)‘d[ } dw, (2)
- ¢

R [ o

where « defiotes time delay, Ry is the sample rate (8.192 MHz), and T, is the period of a code word
(1 ms). The transforms.are computed using FFT algorithms with time blocks equal to T,

The value of ) could, in principle, have been detvrmined from the ephemeral data of the various
satellites. However, to eliminaté ¢rrors due to uncertainties in the ephemerides, wpg was dotermined
by computing the impulse response for all values of wpg between +4 kHz and -4 kHz in steps of 15
Hz and using the value of w for which the peak of the power delay profile (absolute square of the
complex impulse response) is a maximum.



4, EXAMPLES OF IMPULSE RESPONSE MEASUREMENTS

The equipment described in Section 2 was used to collect data at approximately 10:00 a.m. local
time (17:00 UTC) on March 24, 1994. Two data files of 50,000 samples each were recorded at a
sample rate of 8.192 MHz. The first data file was recorded with an IF of 1.027 MHz, as described
in Section 2. The second data file was recorded with an IF of 1.5 MHz to investigate the effect (if
any) of the IF on the impulse response measurement (the Nyquist requirement for the 1.5 MHz IF
is well within the 8.192 MHz sample rate).

The GPS satellite schedule for the date and location that the data were collécted was generated using
public domain software (the InstantTrack program, written by Franklin Antonio), and is shown in
Figure 2. Local time is indicated across the top of the diagram, and satellite numbers are listed in the
vertical column at the left. The schedule indicates that as many as nine satellites may have been
inview when the data were collected.

Day: 03/24/94
Station: BOULDER LABS

Hour - MST
-------- 0 1L 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23
BI-09 -=rcccmecccccccmanca= REIRKE o o mcmmmmmmccm—am— Fhddhdkkhkhh kb bk -
BI-10 ~==n=~=a deddkhdkkkhkkhkh i aaas fAecmccanmmenaacacccanscaea LRI ARSI ZETEE LT 2 B
BT-1] *Fdkkkhdkdkhhkk e ccmmmccncnenen Ah P I I e m e emcmenveccaccancaaaa kkkkkkkhdkk
BII-1 -~---~aceccccacac= LR Ry L N LR AER IR KA KA R ccmcmcamancan
BII-2 ~---c-cccccccccccccanccaccaccaavan= AR AR R R AR RN AN AR AN A N e e cmammanenn
BII-3 ®X#kf e e cccmccmmmaccccnmracnnanan kA hh IR FN e emmcmmeemcnmn khhkhhkdkkkkhhdhh
BTT~4 ~-—-nmm-e--mmccccacccamcancn= IEE R TR I R LR R L X LR L L DR eeceecmamcmcane=
RBII=5 * Ak kAR R A AN RN R e e e eemmmremamcremencaaa Hemameamecacmmasan- L2 L]
BII-6 ~---~=ccc-essccmmnacans= EEEZ 222 ST RS2 E R T2 L T I L2 2 'S PP
BIT~7 #*ceccacacan R R A L L L L R P weacecnencecccaa kkkEkkkkkAkhokdx
BIT-8 Ak kA kA k kR R AR R R R K I N e e mcemmmmcccccrceaceccsremcewscconcmcncaccenanaa== *
BII=9 mecec—=ccne- LEE 22 RS2 R 22T 2R 2 L S KRE T KK I EAIEK e i mecnacmmncmnm——=
g O R L L R R e i il b ket T T PR eps dhdedkokk
‘BIIA-;LJ_ .............. cmcmmaa L L L PR e REERRERRRERR KA RRARRRR
BITA«12 ~meccanaan AR AR R R RN R R R AR I AN e e m e e mmmcccmamaan e “mmcaaa LR T 3 DU
BIIA-13-Fta bkt e r o o e e e KRR I A KRR IR N AR FHFKN - e cmmcomaneanmccccccccacaman=-
BIIA-14% <tk k kA kX cmcmeccnennracsnmarccenannen- LR RS RS R R kR TR dkdedkhht
BIIA-15-eaccnncacaccancccanananccaanana ISR TR XS SRR 22 X 2 JURUUEpRE [, cscmeman
BITA-L16~ o=t AR R R R R R A RN KN KN - n e e cmccsmewmcreceemcnreccscccecnaccenon—on=
BITA-1l7~~~mececcamccanaca= IZEE R RS RS R SRS R R 21 2 R By Hmemeaeemama-
BIIA-10t%*ktdkhkcncnccauaanaa MR AR AR AR KN e e memommaa esameasacccacaan amatkih
BIIA=19-«=a~ RRRRNRRRIRIRE e mecmemmme LR R R R L R e
BIIA-20----vcscecaccrcacaanaccaucncacanasmaaaca LZ2 222222222 2R 2L 2] Y DU
PTID-2 ok hh kb A Ak kA e emmcmcacnnranunaacananaana IEEZ RSS2 EE R 2T 2 E L SR
BIIA-22=ccccccccccaa KXXR AR A KN cnnnnaccnanancanancacacasnaan khhdkhhhkkhhkhhhddehddh

BlTA-23---mreccccccaccccacaanaan LR L 2 2 S e L L RRERANTREAARRRRARNRLRR oo

Figure 2. GPS satellite schedule for Boulder, CO on March 24, 1994. The asterisks correspond
to times when the satellites were above 0° ¢levation angle.



The data-were processed using the technique discussed in Section 3. The C'A codes for the nine
satellites were generated in accordarice with [4]. Peaks in the cross correlation furictions stand out
clearly above the rioise floor in five of the niine cases. The failure to detect peaks in the other four
cases was presumably causéd by obstructions due to low elevation angles. This was cofroborated by
generating the approximate azimuth and elevation angleés for the nine satellites, and for the time,
date, and location that the data were collected, using the aforemeéntioned public domain software.
The results are shown in Table 1. Correlation peaks were detected for those satellites at elevation
angles greater than or equal to 20°, aud were not detected for those satellites at elevation angles less
than or equal to 15°.

Table 1. GPS Satellite Positions as Seen from Bouldet, CO at 17:00 UTC on March 24, 1994

Satellite Ti Azimuth Elevation Corruation Peak
Detected?

BI-11 45° 7° No

BIl-1 198° 40° Yes

BII-4 263° 20° Yes

BII-6 310° 45° Yes
BIIA-13 127° - 15° No
BIIA-15 ‘ 260° 0° No
BIIA-17 342° 79° Yes
BIIA-18 71° 61° Yes
BIIA-19 ) 1582 | 20 _ No

At the 8.192 MHz sample rate, 8192 samples were contained in each time block cotresponding to
a C/A code word (1 ms). Thus, the 50,000-sample data files enabled six consecutive impuise
response functions to be developed for each visible satellite. To improve the S/N ratios of the
impulse responses, the six consecutive impulse résporises for each satellit¢ were combined as
follows. First, the impulse responses were shifted in time delay (by no more than +1 time sample)
to align the peaks of the power delay profiles in relative time delay. Then the impulse responses were
multiplied by phase factors defiried so that each of the resulting impulse responses had zero degtees
of phase at the peak of the power delay profile to align the phases of the impulse fesponses. The
impulsé responses were then added colierently.
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Figure 3. Correlation peak power (in arbitrary units) versus Doppler shift,

Typical results are shown in Figures 3, 4, and 5, using an IF of 1.5 MHz and the code fo. the BIiA-18
satellite. Figure 3 is a plot of the peak of the power délay profile (corresponding to the first code
word in the data file) versus Doppler shift in Hz. A sequence of six consecutive impulse responses
was developed, using the value of Doppler shift for which the cofrélation peak is a maximum.

The inphase (I) and quadrature (Q) components of the impulse response corresponding to the first
code word are plotted in Figur¢ 4(a) and 4(b), respectively. The units on the vertical scales are
arbitrary, because the received sighal level of the data acquisition system was not calibrated
(although this could be dong). The units on the horizontal scales are sample number; for a sample
rat¢ of 8.192 MHz the sample time is 0.122 us and the entiré horizontal scale (8192 saimplzs)
corresponds to 1 ms of relative time delay.
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Figure 4. Plots of the (a) inphase and (b) quadratute components of an impulse response function,
(c) the corresponding power delay profile, and (d) the power delay profile of the sum of
six consecutive impulse responses (in arbitfary units).

The power delay profile (1%+Q?) corresponding to Figures 4(a) and 4(b) is plotted in Figure 4(c).
Figure 4(d) shows the power delay profile obtained by coherently combining the six consecutive
impulse responises. A plot of this latter power delay profile (in dB units of relative power) is shown
on magnified scales in Figure 5. The improvement in S/N ratio achiéved bv combining the impulse
responscs is clearly evident.
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Figure 5. Plot of the impulse response function in Figure 4(d) on magnified scalés.

None of the impulse responses des 2loped from the data filés shows any indication of multipath. This
is not surptising, given the location of the reccive antenna on a rooftop where multipath reflections
from nearby terrain and buildings are unlikely to be visible. However, the results do indicate that this
technique yields S/N ratios that are sufficicnt to reveal multipath signals that are as much as 20 dB
below the power of the direct arrival.

The S/N ratios of all the impulse responses developed from the data files are summarized in Table
2. Although noise power gencrally tefers to an average power (N,), it is also of interest to know the
peak noise power (N;) in each impulse response in order to estimate the power level below which
multipath signal$ cannot be distinguished from spurious noise peaks. Therefore, the ratios of the
signal power to both the average noise power (S/N,) and the peak noisc power (S/N ) were
computed using the following technique.

10
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The measured value of the inipulse response at the cortelation péak is the sum of the desired signal

and the noise. Thus, if the noise is treated as a zero-mean random process that is uncorrelated with
the signal, .

(12407, = S+N,, (3)

where {I>+Q?), denotes the expected value of the power delay profile at the correlation peak, and S
and N, denote the expected values of the signal power and noise power, respectively. At values of
time delay far away from the correlation peak, where no signal is expected, th¢ measured value of
‘he impulse response is pure noise. Thus,

(120, = N,, _ “@

where {I*+Q%), denotes the average value of the power delay profile at values of time delay far from
he correlation peak. Only samples of the power delay profile more than 50 samples (approximately
3 us) away from the correlation peak were used to compute the average noise power. Dividing (3)
)y (4), the signal-to-noise ratio (S/N,) is

s (12+0%,
= -1,
Ny (1%+03, : )

similarly, for the peak noise power,
U2+Q%, = N, (6)

vhere (12+QP, denotes thé peak valué of the power delay profile mofe than 50 samples away from
he correlation peak and N, is the peak noise power. Dividing (3) by (6) gives

N, (gd, N, ™

since N, < Ny, replacing N,/N;, by unity in (7) results in the inequality

S TR
— -1
N. (12:0%. ’ (8)

vhich can be used to obtain a lowcr bound for S/N,.

11



Strictly speaking, (I*+Q?) is an expected value and can only be obtairied from an ensemble of impulse
response records. However; this was precluded by the limited size of the database. Therefore, (5) and
(8) were used to estimate the S/N ratios for each of the individual impulse response records, and the
results wete averaged for the six consecutive records corresponding to each satellite. In addition, ;)
and (8) were used to estimate the S/N ratios for the impulse responses obtained by coherently
“combining the six consecutive records for each satellite.

Table 2 lists the average values of S/N, and S/N, for two IFs (1.027 MHz and 1.5 MHz) and for two
Doppler resolutions (15 Hz and 250 Hz), resulting in four values for each of the average S/N ratios
for each satellite. The S/N ratios for the combined récords were only computed for the 1.5-MHz IF
and a Doppler resolution of 15 Hz. As can be seen fro. . ihe table, using different IFs and/or different
Dopplet resolutions has little effect on the S/N ratios. For the two different IFs, the S/N ratios can
differ by as much as a dB or more, but typically by a few tenths of a dB. The effect of changing the
Doppler resolution from 15 Hz to 250 Hz is even less significant, typically on the order of a tenth
of a dB. The S/N ratios show a slight tendency to increase for higher elevation angles and lower
Doppler shifts.

The increases in the S/N ratios as a result of coherently combining the individual impulse responses
are approximately consistent with expectations. The phasés of the individual impulse responses have
been adjusted so that they all have zero phase at the corrélation peak. One therefore expects the peak
of the coherent sum of N impulse responses to scale like N, and the power to scale like N%. On the
‘other hand, if one assumes the noise is a Gaussian random process, the sum of N independent,

“identically distributed noise processes is a Gaussian process whose variance (which equals the
expected value of the power) scales like N. Therefore, one expects the S/N ratios to scale like N. For
N = 6, this corfesponds to an increase of 7.8 dB. The average increasés in S/N  and S/N; for the five
sets of impulse responses are 6.3 dB and 8.5 dB, respectively.

Two possible causés of concern in using the C/A codes for impulse résponse measuréments are the
autocorrelation sidelobés and the cross-correlation between codes of different satellites. Howeévér,
Gold [5] has shown that relative to the centtal autocorrelation peak, the magnitudes of the sidelobes
are bounded by the quantity

, ©)

where n is the number of shift register stages used to generate the codes and P is the léngth of the
code. For the C/A codes,n=10and P = 1023, so that the sidelobe levels are at least 24 dB down
from the central peak. Fof Gold codes of length 1023, it can be shown [6] that the peak cross-
carrelation is 23.8 dB down from the autocorrelation peak. Theréfore, the autocofrelation sidelobes
and cross-correlation peaks of the C/A codes are not significant for the measurements discussed
herein.

12



Table 2. Signal-to-noise Ratios of Impulse Response Measurements

- e s e P
Satellite Avérage | Combined | Average | Combin.d IF Doppler Dappler
S/N, (dB) | S/N, (dB) /N, (dB) S/Np (dB) | (MHz) | Resolution (Hz) | Shift (Hz)
BII-1 13.3 _ 2.1 1.027 15 3115
BII-1 12.5 19.2 0.0 10.2 1.5 15 3155
Bll-1 13.5 2.4 1.027 250 3000
BII-1 11.7 -1.6 1.5 4 250 3250
B1l-4 11.3 -1.8 1.027 15 -2800
BIl-4 12.4 18.6 0.0 9.7 1.5 15 -2770
Bll-4 11.3 23 1.027 250 | -2750
BIl-4 12.5 0.0 1.5 250 -2750
BIl-6 15.0 3.9 1.027 15 -2460
BIl-6 15.5 21.4 4.7 11.4 1.5 15 _ -2400
BII-6 14.9 3.8 1.027 250 -2500
BIl-6 15.3 4.5 1.5 2450 -2500
BIIA-17 15.6 4.9 1.027 15 -650
BIIA-17 15.8 22.1 4.9 11.8 1.5 15 -625
BIIA-17 15.3 4.3 1.027 _250 -750
BlIA-17 15.6 4.5 1.5 250 -500
BIIA-18 14.6 2.8 1.027 15 1510
BIIA-18 14.7 21.0 3.2 12.1 1.5 15 1540
BIIA-18 14.6 2.8 1,027 250 1500
BIIA-18 14.8 3.3 1.5 250 1500

5. RECOMMENDATIONS FOR FUTURE WORK

The measurement results discussed above indicate that S/N ratios can be achieved that are adequate
to detect multipath signals many dB below the power of the difect arfival. The absence of multipath
in the data analyzed thus far can be attributed to the location of the receive aritenna at a site where
multipath is unlikely to be present. Howevér, multipath may be present in some environments, and
it is important for both navigation and communications applications that such multipath be measured
and characterized. Aside from multipath, impulse response measurements can prcvide other
important information about transmission channels, including received signal levels and channel
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dynamics. It is therefore recommended that the following research be undertaken: incorporation of
additional memory into the measurement system, additional measurements, and additional
processing of the measured data.

Data files comprising 50,000 samples (at the 8.192 MHz sample rate) allow only six consecutive
impulsé responses to be developed. Some applications, including the computation of the channél
scattering function (discussed below), require méasurements of the impulse résponse over tirme
histories longer than 6 ms. Additional mémory could be added to the measurement system with little
effort and expense. For exaniple, 8.4 million samples would enable 1024 consecutive impulse
respohses to be developed. -

Installation of the measurement system in a van would enable data to be collected in a variety of
environments. This is important for two reasons. First, data collected in some environments (for
example, urban, suburban, and mountainous terrain) may reveal the presence of significant
mulitpath. Distributions of delay spread in various environments could be developed and the
relationship between delay spread and elevation angle investigated. Second, data could be collected
while the van is moving, so that the channel dynamics could be characterized. This is important for
mobile radio applications as well as determining the position of moving vehicles.

The scattering function is a useful quantity for characterizing channel dynamics. It enables the
display of the time-varying impulse response as a function of both time delay and Doppler shift. If
one denotes time by t and time delay by , the scattering function is defined as the Fourier transform
(with respect to t) of the autocorrelation function of the impulse résponse for ¢ach value of <, and
is therefore the power spectrum of the impulse résponse for each value of 7. As in the computation
of the impulse response, it is convenient to compute the correlation integral in the frequency domain.
Thus, the scattering function can be défined as the square of the Fourier transform (with respect to
t) of the impulse response:

Sep) = | [T hes)e ™o " (10)

where h(t,7) is the impulse response and T is the length of time over which méasurements of the
impulse response are performed. The Doppler frequency (i), not to be confused with the Doppler
shift () due to the motion of the satellite, is the frequency variable in the power spectrum of the
impulse response.

In a mobile channel, the diréct signal and the multipath signals ar¢ generally associated with different
Dopplet shifts, because the different signal components arrive at thé receiver via different
propagation paths$. At the L-band frequency of the GPS signals, vehicular motion can generate
Doppler spreads as large as several hundfed Hz in worst case scenarios. For such channels, the
scattering function should be developed ovet a Doppler bandwidth on the order of a kHz. If the
integral in (10) is evaluated as a discret¢ Fourier transform, the Doppler bandwidth is 1/T and thé
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Doppler frequency resolution is the raté at which the impulse responses are measured in time. Thus,
the measurement of 1024 consecutive impulse responses at the rate of one impulse response per ms
would enable the scattering funiction to be developed over a Doppler bandwidth of 1 kHz with a
resolution of approximately 1 Hz. Doppler power profilés and distributions of Doppler spread, like
the corresponding quantities in the time domain (power delay profiles and distributions of delay
spread). are channel characteristics that are impottant to system designers.

Aside from charactérizing multipath and channel dynamics, impulse response measurements using
GPS signals, coupled with knowledge of the elevation angles of the satellites, can provide useful
information about received signal levels (RSLs) and satellite availability. The RSL for a particular
satellité is proportional to the magnitude of the cotrelation peak in the impulse response. Such
measurements could therefore provide information about the relationship between RSL and elevation
angle, and could be used to develop distributions of fading rates and fade durations.

The availability of a particular satellite is determined by the presence or absence of a correlation peak
corresponding to that satellite. Using impulse response measurements, the relationship between
availability and elevation angle in various environments can be investigated. This is especially
important. for satellite communication systems that use low earth orbit satellites (LEOS), because
the sateilites that are available to a particular uset change on a relatively short-term basis.

6. CONCLUSIONS

The results presented in this report clearly establish the feasibility of performing impulse response
measurements over space-earth paths using the GPS C/A codes. The 1.023-MHz chipping rate of
the C/A codes providés a time-delay resolution that is probably not adequate to resolve all the
multipath that may be present in some channels (path differences much less than 300 m). However,
this measurement resolution should be adequate to charactérize the channel for applications that use
a bandwidth on the order of or less than that of the measurements (2 MHz). Furthermore, the résults
show that the S/N ratio$ that can be attained are adcquate to detect multipath components that are
20 dB or more below the power of the direct arrival.

An advantage of using GPS satellites to perform these measurements is that the impulse responses
from several satellites whose puositions are continually varying can be measured simultaneously.
Thus, distributions of channel characteristics (including delay and Doppler spreads, RSLs, and
satellite availability) as well as the relationships between these characteristics and satellite position
(azimuth and elevation angle) can be investigated in a variety of environments. The development of
such a database would provide a valuable fesoutce for system designers in both the communications
and navigation communities.
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